Extensive research has been conducted to find neuroimaging biomarkers for psychiatric disorders. This study aimed at identifying trends of the 100 most highly cited articles on neuroimaging in primary psychiatric disorders. METHODS: The most highly cited original research articles were identified and analyzed, following searches of MEDLINE and Web of Science All Databases.
Introduction
Assessment of primary psychiatric disorders traditionally depends on the evaluation of patients' psychological symptoms and behaviors. 1 Diagnoses are mapped according to the Diagnostic and Statistical Manual of Mental Disorders (DSM)-5 2 and the International Classification of Diseases (ICD)-10. 3 Although such diagnostic guidelines have proved their practical function in routine psychiatric practice, many agree that the same diagnosis often corresponds to disruption of heterogeneous neuronal networks, which could in turn be caused by diverse etiologies. 4 This misalignment between etiologies and diagnoses is problematic. To improve the diagnosis and treatment of primary psychiatric disorders, efforts have been made to search for reliable biomarkers that would help elucidate the neurobiological mechanisms of psychiatric disorders, identify at-risk populations, develop pharmaceutical drugs, and provide etiology-based treatments. 5 In 1976, the newly invented computer tomography (CT) was used to study enlarged cerebral ventricles in schizophrenic patients, providing hope that neuroimaging would be an effective tool to identify reliable biomarkers for psychiatry. 4, 6 In the following decades, research interest and output in this field have grown exponentially, made possible by rapid emergence of new and improved neuroimaging modalities, particularly the positron emission tomography (PET, first use in psychiatry in 1979 7 ), structural (sMRI, first use in psychiatry in 1983 8 ), and functional magnetic resonance imaging (fMRI, first use in psychiatry in 1994 9 ). 10 A substantial body of neuroimaging evidence at both structural and functional levels has now accumulated regarding many major primary psychiatric disorders, such as depressive disorders, schizophrenia spectrum and other psychotic disorders, autism spectrum disorder (ASD), post-traumatic stress disorder (PTSD), and attention-deficit/hyperactivity disorder (ADHD). 11 Although significant challenges remain, many are optimistic that, in the near future, the adoption of innovative multivariable analytic methods, development of artificial intelligence technology, and integration with genetic research would allow neuroimaging modalities to achieve sufficient diagnostic accuracy to be used in routine clinical practice of psychiatry. 4, [12] [13] [14] With thousands of articles already published, neuroimaging was identified as one of the four main foci in psychiatry research (other three foci were: child and adolescent psychiatry, diagnostic and classification criteria, and molecular genetics). 15 The large amount of existing literature, combined with its interdisciplinary nature, makes it challenging to identify the most significant research in this field, especially for students, residents, and researchers new to the field. Citation-based bibliometric analysis involves quantitative and qualitative analysis of research literature to highlight articles of the most significance and impact. 16, 17 It can thus be used to analyze historical trends, reveal emerging novel approaches and topics, and guide future directions in a particular field of research. 18 Furthermore, it also provides an objective measurement of productivity of individual researchers and organizations, and helps identify leaders in the field. 19 As a result, citation-based analysis and lists of most-cited articles have been published for many areas of medicine, [20] [21] [22] [23] [24] [25] [26] including separate analyses conducted on psychiatry 27 and neuroimaging, 28 respectively. However, according to our literature search in English language indexed journals, no bibliometric analysis has focused specifically on the role of neuroimaging in psychiatry. To fill this void, we conducted a bibliometric analysis of original research articles that used neuroimaging modalities to investigate the pathophysiology, classification, diagnosis, and treatment of primary psychiatric disorders, for an understanding of the utility trend of neuroimaging in psychiatry.
Methods
This study involved retrospective analysis of publicly available research literature, and thus did not require ethics approval.
Literature Search
The MEDLINE (OVID) and Web of Science All Databases were searched on February 6, 2018. The MEDLINE database (the U.S. National Library of Medicine, Bethesda, United States) indexes more than 5,200 journals and contains more than 25 million references in life sciences and medicine since 1966. 29 Its unique index system (Medical Subject Headings, MeSH) offers the advantage to conduct comprehensive searches that cover the majority of psychiatric disorders. 29 The MEDLINE (OVID) database was queried with the following search term: (exp Diagnostic Imaging/) and ((psychiatric disorder?.mp.) or (mental disorders/) or (exp anxiety disorders/) or (exp "bipolar and related disorders"/) or (exp "disruptive, impulse control, and conduct disorders"/) or (exp dissociative disorders/) or (exp elimination disorders/) or (exp "feeding and eating disorders"/) or (exp mood disorders/) or (exp motor disorders/) or (exp neurodevelopmental disorders/) or (exp neurotic disorders/) or (exp paraphilic disorders/) or (exp personality disorders/) or (exp "schizophrenia spectrum and other psychotic disorders"/) or (exp sexual dysfunctions, psychological/) or (exp sleep wake disorders/) or (exp somatoform disorders/) or (exp substance-related disorders/) or (exp "trauma and stressor related disorders"/)), with the results limited to human and English language.
Web of Science databases (Clarivate Analytics, Philadelphia, United States), which include the MEDLINE database, cover more than 8,850 journals from a broad range of disciplines and contain references dated back to 1900. 30 Web of Science All Databases were queried using the following search term: (("neuroimaging" or "computed tomography" or "CT" or "magnetic resonance imaging" or "MRI" or "diffusion tensor imaging" or "positron emission tomography" or "PET" or "single photon emission computed tomography" or "SPECT" or "magnetic resonance spectroscopy" or "MRS" or "voxel based morphometry") and ("psychiatric disorder$" or "mental disorder$" or "behavioural disorder$" or "anxiety" or "depression" or "depressive disorder$" or "MDD" or "depressive episode" or "paranoi*" or "mania" or "hypomania" or "bipolar" or "personality disorder$" or "impulse disorder$" or "identity disorder$" or "mood disorder$" or "*phobia$" or "panic disorder$" or "adjustment disorder$" or "stress disorder$" or "stress reaction" or "eating disorder$" or "anorexia nervosa" or "bulimia nervosa" or "sleep disorder$" or "dissociative disorder$" or "conversion disorder$" or "affective disorder$" or "psychosis" or "psychotic" or "schizophrenia" or "delusion*" or "schizoaffective" or "schizophreniform" or "schizotypal" or "autism" or "ASD" or "neurotic" or "somatoform" or "somatization" or "addiction" or "substance" or "attention deficit hyperactivity disorder" or "ADHD" or "post-traumatic stress disorder" or "PTSD" or "obsessive compulsive disorder" or "OCD" or "dyslexia" or "language disorder$" or "asperger" or "conduct disorder$")).
The search results from the MEDLINE database were repopulated in the Web of Science by using PubMed ID as identifier, and were then merged with the original search results from the Web of Science All Databases.
Screening of Original Research Articles
The combined results were downloaded to a local database. In the descending order of yearly citation (the total citation count divided by the year difference between publication year and 2018), two board certified radiologists screened the search results against selection criteria, until the 100 most highly cited articles were identified. In case of disagreement, a third radiologist was consulted to reach consensus. Included in the analysis were original research articles that used neuroimaging modalities to investigate the pathophysiology, classification, diagnosis, and treatment of primary psychiatric disorders. Excluded from the analysis were: (1) case reports, meta-analyses, and reviews; (2) conference abstracts; (3) nonhuman studies; (4) studies investigating diseases of primarily neurological etiologies, such as Alzheimer's disease, Parkinson's disease, frontotemporal dementia, etc; (5) post-mortem histological studies; and (6) studies investigating psychological processes that were not in the context of a psychiatric disorder.
Data Analysis
For each article included in the final analysis, the following information was collected: the yearly citation, the psychiatric condition studied, the brain areas studied, the neuroimaging modality and examination method used, the topic of study, the country and affiliated department of the first author, and the sample size. The DSM-5 was used to classify the psychiatric disorders.
For descriptive analysis, the maximum, minimum, average, and median were provided. The Pearson product moment test was used to examine the correlation between the publication year and author count. A P < .05 was considered statistically significant.
Results
The MEDLINE (OVID) search returned 41,188 articles; the Web of Science All Databases search returned 110,464 articles. An overlap existed between these two sets of results, because the Web of Science All Databases contain the MEDLINE database. The final merged set of results contained 139,898 articles, which were then screened against the inclusion criteria in descending order of yearly citation. A total of 263 articles were screened to reach the 100th most highly cited article.
Top 100 Highly Cited Articles
Shown in Table 1 are these 100 most highly cited original research articles that used neuroimaging modalities to investigate the pathophysiology, classification, diagnosis, and treatment of primary psychiatric disorders. For each article, the diagnostic group of the studied psychiatric disorder, the neuroimaging modality, the studied brain areas, and the main neuroimaging findings were listed. The yearly citation count ranged from 137.46/year to 31.09/year (median: 40.43/year). The total citation count ranged from 1,793 to 32 (median: 559.5).
Psychiatric Conditions Studied
A wide range of psychiatric conditions, as classified by DSM-5, were studied in these most highly cited articles. The majority of the articles (97) focused on one psychiatric condition, whereas two articles studied two conditions and one article studied three conditions. As shown in Table 2 , the most studied psychiatric conditions were depressive disorders (30 articles), schizophrenia spectrum and other psychotic disorders (27 articles), and ASD (17 articles). Also studied were substance-related and addictive disorders (seven articles), PTSD (seven articles), ADHD (five articles), obsessive compulsive disorder (three articles), bipolar disorders (three articles), anxiety disorders (two articles), specific learning disorder (two articles), and antisocial personality disorder (one article). Table 3 lists the neuroimaging modalities that were used in the 100 most highly cited articles. Four articles used two modalities, and the rest used one modality. The most used three modalities were fMRI (42 articles), sMRI (30 articles), and PET (22 articles).
Neuroimaging Modalities

sMRI
Developed in the 1970s, MRI makes use of inherent magnetic properties of materials to produce tissue contrast to visualize structures in the body. 31 In sMRI, tissues can be differentiated by the difference of signal from hydrogen nuclei under an external magnetic field. 11 Without ionizing radiation, MRI achieves high soft tissue contrast resolution, which made it a widely used modality for anatomical examination of the brain. Thirty of the most highly cited articles utilized sMRI. Common measurements included the global brain volume, white/gray matter volume, cortical thickness, hippocampal volume, or volumes of specific brain structures such as the amygdala and cingulate cortex. Structural abnormalities were found in many psychiatric conditions, such as schizophrenia spectrum and other psychotic disorders (10 articles), ASD (6 articles), depressive disorders (6 articles), ADHD (3 articles), and PTSD (3 articles). Notably, 13 articles examined the hippocampal volume, with a volume reduction in major depressive disorder, [32] [33] [34] [35] [36] schizophrenia, [37] [38] [39] and PTSD, [40] [41] [42] and a volume enlargement in ASD. 43 
Diffusion Tensor Imaging
Proposed in the 1990s, diffusion tensor imaging (DTI) is a relatively new MRI technique that identifies white matter tracts in the brain, by following paths of water diffusion. 44 Thus, DTI supplements the role of sMRI by providing structural information of the white matter tracts. Six of the most highly cited articles used DTI to demonstrate structural abnormality of white matter in ASD, [45] [46] [47] schizophrenia, 48, 49 and stimulant drug addiction. 50 fMRI fMRI measures blood flow in the brain, taking advantage of the difference in magnetic properties between oxyhemoglobin and deoxyhemoglobin. 11 Based on the notion that an increased brain blood flow directly corresponds to enhanced brain activities, fMRI has been used since 1991 for real-time measurements of brain's level of function. 51 In the 100 most highly cited articles, fMRI was used to investigate all identified psychiatric conditions except antisocial personality disorder. Two-thirds of the fMRI articles involved brain function measurements with the participants performing tasks related to the investigated condition. One-third of the fMRI articles measured brain function at resting state, a more recent technique that allowed evaluation of connectivity and whole-brain functional integrity. 13 
Magnetization Transfer Ratio and Magnetic Resonance Spectroscopy
Magnetization transfer ratio (MTR) and magnetic resonance spectroscopy (MRS) are two specialized MRI imaging techniques. MTR improves imaging contrast in MRI, 52 and was used in one article to measure the strength of white matter connection in schizophrenic patients as defined as the level of myelination. 49 MRS allows noninvasive measurements of metabolite levels in the brain, 11 and was used in one article to measure levels of neurotransmitters (glutamate, gammaaminobutyric acid) in patients with major depressive disorder. 53 
PET and Single-Photon Emission Computed Tomography
PET and single-photon emission computed tomography (SPECT) are both nuclear medicine modalities that assess brain functional levels by measuring emitted radiation from short half-life radiopharmaceuticals. 11 In PET, the radiopharmaceuticals emit positrons, which collide with and annihilate electrons. Photon pairs (511 keV) emitted in opposite directions are then recorded and analyzed to localize the origin of the 
Historic Trends: Publication Count and Utilized Neuroimaging Modalities
The 100 most highly cited articles were published between 1989 and 2017, with 85% of the articles published within the last 20 years. Figure 1 illustrates the yearly trends of the most highly cited articles, with the number of articles utilizing different neuroimaging modalities also plotted against the publication year. The results show that highly cited articles using sMRI and PET modalities appeared early (around 1990) and persisted through 2017. Task-based fMRI articles appeared later (1997-2010 period). Resting-state fMRI articles emerged the latest (2007) and persisted to 2017.
Most Used Neuroimaging Modalities for Main Psychiatric Conditions
A detailed breakdown of the neuroimaging modalities used to investigate depressive disorders, schizophrenia spectrum and other psychotic disorders, and ASD is provided in Table 4 . While these conditions were all investigated by various neuroimaging modalities, the utilization patterns differed. The most used modality for depressive disorders was PET. For schizophrenia spectrum and other psychotic disorders, it was sMRI. For ASD, both sMRI and task-based fMRI were equally utilized. Table 5 summarizes the topics of the 100 most highly cited articles. The majority of the articles (85) focused on various aspects of the pathophysiology of psychiatric conditions, 
Topic of the Study
Diffusion tensor imaging 6
Single-photon emission computed tomography 2 -Dopamine receptor occupancy (2) Magnetization transfer ratio 1
Magnetic resonance spectroscopy 1 -Neurotransmitter level (1) including seven articles describing developmental changes, one genetic susceptibility, one disease classification, and one highlighting the development of a data exchange platform. Fifteen articles investigated the treatment of psychiatric conditions (with two articles investigating two treatment options), including antidepressants in six articles, deep brain stimulation in four, antipsychotics in three, behavioral therapy in three, and exercise in one. ASD = autism spectrum disorder; sMRI = structural MRI; fMRI-TB = functional MRI -task based; fMRI-RS = functional MRI -resting state; DTI = diffusion tensor imaging; SPECT = single-photon emission computed tomography; MTR = magnetization transfer ratio; MRS = magnetic resonance spectroscopy. 
Authors
Each of the 100 most highly cited articles had 2-42 authors.
Although the Pearson correlation test only showed a weak positive correlation between the publication year and author count (correlation coefficient: .221, P = .0273), there seems to be a trend of an increasing number of authors in more recent articles. The four articles with the fewest authors (2-3 authors) were published between 2003 and 2011. In contrast, the four articles with the most authors (20-42 authors) were published between 2014 and 2017. The total author count of the 100 articles was 944. Among 745 unique authors, the majority (607 authors, 81.5%) contributed to one article, 104 authors (14.0%) contributed to two articles, 16 authors (2.1%) contributed to three articles, and 11 authors (1.5%) contributed to four articles. Among the seven researchers contributing five or six articles, six authors are from the United States. Their contributions and research focus are listed in Table 6 .
Among the 100 first authors, the majority were affiliated with the psychiatry (69), neuroscience (10), or psychology (7) departments. A minority of the authors were affiliated with the radiology (seven), engineering (three), or medical physics (one) departments. Other affiliations included neurology (one), neurosurgery (one), and pediatrics (one).
When analyzing the country of affiliation of the first authors, the majority of the articles originated from the United States (71). Other major countries of origin included the United Kingdom (eight), Canada (five), China (five), and Germany (three). A full list of the countries of origin is provided in Table 7 .
Journals
The 100 most highly cited articles were published in 25 journals, including 12 neuroscience/neurology journals, 7 general medicine journals, 5 psychiatry journals, and 1 radiology jour- Table 8 .
Study Design
The majority of the most highly cited articles were prospective (98 articles), and two articles were retrospective. The sample sizes ranged from 3 to 1,188, with a median of 21 and average of 63.2.
Discussion
In this study, we conducted a bibliometric analysis of the 100 most highly cited original research articles that depicted the roles of neuroimaging in the investigation of the pathophysiology, classification, diagnosis, and treatment of primary psychiatric disorders. By analyzing the most commonly used neuroimaging modalities, the most commonly studied psychiatric disorders, and the most productive authors/countries/journals, we illustrated the historic trends of this highly active field that may help guide future research. Our results can be important not only for students and researchers new to this field, but also for established researchers to identify innovative research ideas and approaches. In particular, by informing both psychiatrists and radiologists, this study could be valuable for fostering collaboration between these two specialties in the context of potential emergence of a new interdisciplinary clinical field of psychoradiology. 13 Our results reveal that multiple neuroimaging modalities were utilized in psychiatric research, with the modalities complementing each other to offer information about psychiatric disorders at both structural and functional levels. For example, studies involving sMRI offered volumetric information of global or regional brain structures, while the DTI studies offered complementary structural information of the white matter tracts. These results can then be correlated with functional information provided by fMRI and PET. Several PET, SPECT, and MRS articles even involved functional studies at a molecular level. The diversity of the utilized neuroimaging approaches and the results highlights the need and value of innovative multivariable analytical methods to make use of results from multiple modalities to achieve higher diagnostic accuracy, which could be a critical step for neuroimaging to fully enter the clinical realm of psychiatry. 4 Our results support the previous finding that neuroimaging research was one of the major research foci in psychiatry. 15 The 100 most highly cited original articles all yielded an average yearly citation of at least 30, indicating a high level of research activity. The historic trends of neuroimaging modalities also show a rapid utilization of newly available imaging techniques. The versatile nature of many imaging modalities was fully harnessed, as evidenced by the various types of radioligands and tests used for PET imaging and the various disorder-related tasks examined in the fMRI studies. These findings reflect active efforts of the field to keep expanding the scope of research. These most highly cited articles primarily focused on major psychiatric conditions like depressive disorders, schizophrenia spectrum and other psychotic disorders, and ASD. As we have shown, each psychiatric condition had a unique utilization pattern of neuroimaging modalities, which could be attributed to different research focus in these conditions. For example, in articles investigating depressive disorders, six articles used PET to examine the functional improvement following treatment (deep brain stimulation in four and antidepressant in two). Ten schizophrenia/psychosis articles used sMRI and two used DTI, possibly reflecting a strong interest in identifying structural abnormalities in schizophrenia spectrum and other psychotic disorders. In ASD studies, there were similar number of sMRI/DTI and fMRI articles, reflecting a comparable research interest in investigating the disease at both structural and functional levels.
Nevertheless, for each condition, there was a common theme of utilizing multiple imaging modalities at both structural and functional levels, as also evidenced by the research focus and approaches of the seven most productive authors. The accumulated evidence provided by multiple imaging modalities could prompt new multivariable analytic methods, which have the potential of overcoming the low sensitivity in single modality research due to overlapping results between the disorder and control populations. 4 This process could potentially be facilitated by the development and commercialization of multimodality imaging techniques, such as combined PET/MRI scanners that integrate the unique features of both modalities. 54 The rapid improvement in artificial intelligence algorithms could also further refine such multivariable analytic methods to identify and maximize the most significant neuroimaging findings. [55] [56] [57] Furthermore, the versatile nature of the multivariable analysis can allow inclusion of nonimaging information gathered from genetic and pharmacological studies. 12 Such integration may prove to be critical for the eventual adoption of neuroimaging in the clinical practice of psychiatry.
Limitations
In this study, we searched two databases, the MEDLINE and Web of Science All Databases, to make use of the exhaustive MeSH index system of the former, and the comprehensive collection of the latter. It could be argued that the literature search can be more thorough by including other commonly used secondary literature databases. However, because our analysis focused on the most highly cited articles, this concern may be overstated. It is quite unlikely that a highly cited article would come from a journal that was neither indexed by the MEDLINE nor Web of Science. It is our experience that the vast majority of highly cited articles in bibliometric research typically come from an overlapping list of established journals that were indexed by most major secondary databases.
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Conclusions
In conclusion, our study identified and analyzed the 100 most highly cited articles in neuroimaging research of primary psychiatric disorders. These results offer important insights into the historic trends of this highly active and promising field, and could help guide future research in the quest for reliable neuroimaging biomarkers for psychiatry.
